Human depression is associated with cognitive deficits. It is critical to have valid animal models in order to investigate mechanisms and treatment strategies for these associated conditions. The goal of this study was to determine the association of cognitive dysfunction with depression-like behaviour in an animal model of depression and investigate the neural circuits underlying the behaviour. Mice that were exposed to social defeat for 14 d developed depression-like behaviour, i.e. anhedonia and social avoidance as indicated by reduced sucrose preference and decreased social interaction. The assessment of cognitive performance of defeated mice demonstrated impaired working memory in the T-maze continuous alternation task and enhanced fear memory in the contextual and cued fear-conditioning tests. In contrast, reference learning and memory in the Morris water maze test were intact in defeated mice. Neuronal activation following chronic social defeat was investigated by c-fos in-situ hybridization. Defeated mice exhibited preferential neural activity in the prefrontal cortex, cingulate cortex, hippocampal formation, septum, amygdala, and hypothalamic nuclei. Taken together, our results suggest that the chronic social defeat mouse model could serve as a valid animal model to study depression with cognitive impairments. The patterns of neuronal activation provide a neural basis for social defeat-induced changes in behaviour.
Introduction
Depression is one of the most common but serious mental illnesses. Persistent depressed mood and anhedonia are two core criteria for depression. In addition, cognitive deficits have been widely reported in depressed patients and are considered as a core element of this disorder according to DSM-IV criteria (APA, 1994) . Impairments in cognitive performance in human depression have been identified across a number of cognitive domains including executive function (Baudic et al. 2004 ; Merriam et al. 1999 ; Nebes et al. 2003) , working memory (Christopher & MacDonald, 2005 ; Rose & Ebmeier, 2006) , emotional memory (Siegle et al. 2007 ; Surguladze et al. 2005) , episodic memory (Butters et al. 2004 ; Porter et al. 2003) and semantic memory (Bhalla et al. 2005 ; Cataldo et al. 2005) . Evidence suggests a positive correlation between depression severity and cognitive impairments (Austin et al. 2001 ; McDermott & Ebmeier, 2009 ). Major depression is associated with greater cognitive impairments, whereas minor depression has little or no effect on cognitive performance (Airaksinen et al. 2004) . Neuroimaging studies have found that depressed patients show structural and functional changes in brain structures critical for learning and memory, such as the prefrontal cortex (Dolan et al. 1993 ; Drevets, 2000) , and hippocampus and amygdala (Sheline et al. 1998 ; Videbech & Ravnkilde, 2004) . For example, depressed patients showed higher amygdala activity in response to negative (but not positive) emotional stimuli that they memorized (Hamilton & Gotlib, 2008) . In contrast, the response in cortical regions during a memory task is reduced in depression (Elliott et al. 1997) . The neurobiological underpinnings of cognitive deficits in depression remain poorly understood. A better understanding and treatment of these disorders requires the development of valid animal models.
Stress is a predisposing risk factor for depression. Not surprisingly, a variety of experimental models of depression have utilized various stressors to induce depression-like behaviours (Bourin et al. 2001 ; Deussing, 2006 ; McArthur & Borsini, 2006) . Chronic stress also impairs cognitive functions (Arnsten, 2009 ; Kim & Diamond, 2002 ; Sandi, 2004) . However, very few studies have investigated the co-occurrence of depressive-like behaviour and cognitive deficits in animal models. A recent study reported that chronic mild stress induces a reduction of sucrose consumption and impairments in some aspects of learning and memory in rats (Henningsen et al. 2009 ). However, there are debates about the validity of the use of sucrose consumption instead of sucrose preference as a putative index of anhedonia (Forbes et al. 1996 ; Willner, 1997 Willner, , 2005 . Psychosocial stress plays an important role in many cases of human depression (Coyne & Downey, 1991 ; Gilbert et al. 2002 ; Kessler, 1997) . Recent studies have validated chronic social defeat in mice as an animal model of depression (Malatynska & Knapp, 2005 ; Martinez et al. 1998a ; Tsankova et al. 2006) . In this model, mice are exposed to repeated social defeat which consistently leads to reduced sucrose preference and social interaction, mimicking anhedonia and social avoidance symptoms associated with human depression Tsankova et al. 2006) . Although this paradigm has been used as a valid animal model of depression by different research groups, cognitive profiling of socially defeated mice has not been reported in the literature. The goal of the present study was to determine whether chronic social defeat in mice can induce cognitive dysfunction associated with depressionlike behaviour, and to investigate the neural circuits linked with depressive and cognitive behavioural changes.
Materials and methods

Animals
Male 8-wk-old C57BL/6J mice were obtained from Jackson Laboratory (USA) and male CD1 retired breeder mice were obtained from Charles River Laboratories (USA). Mice were housed in groups of five under a 12-h light/dark cycle (lights on 07:00 hours) with food and water available ad libitum, and were allowed to acclimate for at least 1 wk before beginning the experiments. All animal procedures were conducted in accordance with NIH guidelines and approved by the Institutional Animal Care and Use Committee of the University of Texas Health Science Center at San Antonio.
Experimental design
Two sets of experimental animals were used in this study. Each set consisted of one group of animals subjected to chronic social defeat for 14 d and one group of non-defeated control mice. The first set was used to evaluate behavioural effects induced by chronic social defeat (non-defeated control group, n=8 ; defeated group, n=16). The second set was used to evaluate c-fos mRNA induction in response to social defeat (non-defeated control group, n=3 ; defeated group, n=4).
Social defeat
Social defeat was performed between 17 : 00 and 19 : 00 hours before the onset of the dark phase from days 1 to 14 using a resident-intruder paradigm as previously reported Rygula et al. 2006) . Retired breeder CD1 mice were used as resident aggressors. These mice were screened for consistent attack latencies in which mice were chosen only if their attack latencies were <30 s upon three consecutive screenings with a C57 intruder. CD1 resident mice were placed in each cage for 3 d to establish residency. Intruder mice were introduced to the home cage of an unfamiliar aggressive CD1 resident mouse for 10 min and physically defeated. When a serious attack occurred, we separated the C57 mouse from the CD1 aggressor by removing the C57 mouse for 1 min and then returning it to the cage with the CD1 mouse. After the 10-min social defeat session, the resident CD1 mouse and the intruder mouse were housed in one half of the cage separated by a perforated Plexiglas divider to allow visual, olfactory and auditory contact for the remainder of the 24-h period. Mice were exposed to a new resident CD1 mouse cage and subjected to social defeat each day for 14 consecutive days. Non-defeated control mice were housed two per cage in cages identical to those used for the socially defeated mice. Body weight was measured daily during the social defeat procedure. After completion of the 14-d social defeat paradigm, control and defeated C57 mice were singly housed until the end of the study.
Behavioural tests
All behavioural tests were performed during the late light phase between 16 : 00 and 19 : 00 hours, except sucrose preference that was measured daily. For the same animals, depression-like behaviours were evaluated first to confirm the development of depressionlike behaviour following social defeat (days 1-14). The sequence of behavioural tests were arranged to minimize the effect of one test influencing subsequent evaluation of the next test as illustrated in Fig. 1 : days 7-14 for sucrose preference, day 15 for social interaction, day 19 for T-maze, day 27 for fear conditioning, day 29 for foot-shock sensitivity and hot-plate test, day 31 for Morris water maze. On the testing day, animals were transferred to the procedure room and habituated for 2 h prior to the beginning of the behavioural test.
Sucrose preference
The sucrose preference test was performed in the housing room. Mice were first habituated to drinking from two bottles of water for 3 d in their home cage. A free choice of 1 % sucrose solution and plain water was provided to the mice for 7 d starting from day 8 after the beginning of the social defeat procedure and continued until the end of social defeat. Water and sucrose intake was measured daily, and the positions of two bottles were switched daily to reduce confounds produced by side biases. Sucrose preference was calculated as a percentage of the volume of sucrose intake over the total volume of fluid intake and averaged over 7 d of testing.
Social interaction
At 24 h after the last social defeat session, a two-trial social interaction test was used to evaluate social interaction/avoidance behaviours towards an unfamiliar social target as described previously (Krishnan et al. 2008 ; Tsankova et al. 2006) . This was performed in a 40r40 cm arena with infrared light illumination. The approach-avoidance behaviour of mice was digitally recorded and analysed with a video-tracking system (Noldus Information Technology, USA). Each 5-min test consisted of two sessions. In the first 2.5-min session, the mouse was allowed to explore freely in the open arena having an empty wire mesh cage (10r6.5r5 cm) apposed to one side ; referred as 'no target '. The mouse was removed and reintroduced into this area after an unfamiliar CD1 male mouse was placed into the wire mesh cage ; referred as ' with target '. The wire mesh cage allowed visual and olfactory interactions between the defeated mouse and the target, but prevented direct physical contact. The exploratory behaviour was recorded for an additional 2.5 min. The time spent in the 'interaction zone ' (25r 14 cm) located around where the wire mesh cage was located and the time spent in the 'corners ' of the open area opposite to the ' interaction zone' were scored.
T-maze continuous alternation task
Working memory was assessed in the T-maze continuous alternation task. The T-maze consisted of a start arm (35r10 cm) and two identical goal arms (35r10r16 cm) arranged in the form of a T. At the beginning of the start arm, a removable wooden door separated a 10-cm-long start box from the rest of the arm. The test session consists of one forced trial and http://ijnp.oxfordjournals.org/ 14 subsequent free-choice trials. In the first trial, the mouse was placed in the start box and after 5 s of confinement, the door was lifted and the mouse allowed to explore the start arm and one of the goal arms. At this point, entry to the other goal arm was blocked. During 14 'free-choice ' trials, the mouse was able to choose freely between the left and right goal arms. After the door of the start arm was opened, the mouse was free to choose between both goal arms (all doors open). As soon as the mouse entered one goal arm (including all four feet and the tail tip), the other goal arm was closed. The mouse was returned to the closed start box, and the next free-choice trial was started after a 5-s confinement. The T-maze was thoroughly cleaned with a 20 % ethanol solution before each new mouse started its session. The consecutive choices made by the mice were recorded. The overall alternation rate was calculated as a percentage (100rnumber of alternations/total number of choices).
Contextual and cued fear-conditioning
Emotional memory was assessed using cued and contextual fear-conditioning. Each test consisted of a training phase followed 24 h later by the testing phase. During the training phase, mice were individually placed into the conditioning chamber inside a soundproof box and allowed to explore for 3 min after which a conditioned stimulus (CS) (an 80-dB tone) was played for 20 s. The last 2 s of the CS was paired with a 0.5-mA foot-shock. The mice were given three toneshock pairings at 1-min intervals and then returned to their home cage. Twenty-four hours after training, contextual and cued fear-conditioning were tested. For contextual learning and memory, mice were placed back into the same conditioning chamber that was used during training for 5 min, and freezing behaviour during the 5-min re-exposure to the fearconditioning chamber was scored. For cued learning and memory, mice were placed in a novel chamber 3 h after testing for contextual memory and allowed to explore for 3 min. The auditory cue was given after 3 min, and freezing behaviour was measured.
Freezing, defined as a complete lack of movement besides respiration, was used as an indication of learning in this task and was assessed at 5-s intervals throughout the entire duration of the test.
Foot-shock sensitivity test
The sensitivity to foot-shock was evaluated in the same apparatus used for fear-conditioning training. Each mouse was placed in the same fear-conditioning chamber for 2 min to habituate. Then the animals were exposed to 1-s shocks at 30-s intervals in an order of increasing shock intensity. Electrical shocks were delivered starting at 0.08 mA and increased by 0.02 mA after each interval until reaching the maximum of 0.7 mA. The sensitivity to foot-shock was evaluated by measuring the levels of shock required to evoke their responses, including running, jumping and vocalization.
Hot-plate test
Pain sensitivity was assessed by detecting the reflexes in response to a thermal stimulus using a hot-plate test. The surface of the hot plate was heated to a constant temperature and maintained at 50 xC, 52 xC or 55 xC, respectively. Each trial began with the lower temperature and progressed towards higher temperatures. There was a 30-min interval between each hotplate trial. Mice were placed on the hot plate with a surrounding wall. The duration of the test session was a maximum of 30 s. The latency to respond with hindpaw lick, hindpaw flick, or jump was recorded. If the mouse did not respond, the test was terminated after 30 s.
Morris water maze
The water maze consisted of a circular tank of 120 cm in diameter that was filled with opaque water containing white non-toxic paint. A circular escape platform 10 cm in diameter was hidden 1 cm below the surface of the water. The pool was divided into four quadrants : north, south, east and west. A video camera was placed above the centre of the pool to record animals ' behaviour in the swimming tank. The water maze task was performed with three phases as reported previously (Malleret et al. 1999) : the visible platform phase (days 1-2), the hidden platform phase (days 3-12), and the transfer phase (days 13-17). In the visible platform phase, the platform was made visible by attaching a coloured cube (3r3r20 cm) to the top of the platform. Mice were trained over 2 d with four trials per day and a 30-min inter-trial interval. The location of the platform was varied in each trial and mice were released from the wall opposite to the platform and allowed to swim for 60 s. In the hidden platform phase, mice learned the location of the hidden platform placed in a fixed location. Each mouse was subjected to four trials per day with 30-min inter-trial intervals for 10 d. On each day, mice were started in different quadrants of the swimming pool.
Mice were released in a designated start position facing the tank wall and the time taken to reach the platform was recorded. In the transfer phase, the location of the hidden platform was relocated to the opposite quadrant. Animals were subjected to four trials per day with 30-min inter-trial intervals. To assess retention of the acquired information, probe trials were performed for 60 s on days 12 and 17, during which the platform was removed. Swimming of each mouse was monitored by a video camera and analysed with EthoVision software (Noldus Information Technology). Time spent in each quadrant was scored.
In situ hybridization for c-fos mRNA
Tissue preparation
Mice were subjected to 14 d of social defeat as described above. c-fos mRNA accumulation peaks at 30 min following a stressful stimulus (Cullinan et al. 1995) . To measure c-fos mRNA expression in response to social defeat, mice were sacrificed by decapitation 30 min after the last social defeat. Brains were removed and snap-frozen in an isopentane/dry ice bath at x35 xC and stored at x80 xC. Brain sections were cut at a thickness of 14 mm in a cryostat and stored at x80 xC until performing in-situ hybridization.
A 375-bp cRNA probe was designed against the mouse c-fos mRNA corresponding to nucleotides 410-785 and labelled with [
35 S]UTP and [ 35 S]CTP using a procedure reported in our previous studies (Garza et al. 2008 ; Liu et al. 2007) . In-situ hybridization on brain tissue sections was performed as described previously (Garza et al. 2008 ; Liu et al. 2007) .
A series of brain sections, 98 mm apart and anatomically matched, from each animal was used for quantification of c-fos mRNA levels. The integrated optical density of in-situ hybridization signals in various brain regions was determined using a MCID system (Imaging Research Inc., Canada). Optical density measures were defined as being 3.5 S.D. above background and were multiplied by the target area, yielding integrated optical density. Measurements were taken bilaterally using a standardized sampling box for each brain region to ensure that equivalent areas were analysed between animals. c-fos mRNA levels were quantified bilaterally in various brain regions. 
Statistical analysis
Results are expressed as mean¡standard error of the mean (S.E.M.). Two-tailed Student's t test was used for the analysis of sucrose preference, T-maze, contextual memory and c-fos induction. One-way ANOVA with repeated measures was performed on the hot-plate test, shock thresholds, and the acquisition of the Morris water maze. Two-way ANOVA was performed on social interaction, cued memory, and probe tests in the Morris water maze. Bonferroni/Dunn post-hoc comparisons followed ANOVAs. p<0.05 was considered statistically significant.
Results
Social defeat-induced depression-like behaviour
Although social defeat in mice has been previously shown to induce anhedonia as measured by sucrose preference Tsankova et al. 2006 ), a detailed time-course of sucrose preference in response to social defeat has not been reported in the literature. The present study used a 14-d social defeat paradigm and performed a detailed analysis of the temporal effects of social defeat on hedonic responses to sucrose. Sucrose preference was measured by offering a free choice of water or 1 % sucrose solution to mice for seven consecutive days beginning on day 7 of social defeat. ANOVA analysis showed a significant effect of social defeat on sucrose preference [F(1, 132)= 5.506, p<0.05]. Post-hoc analysis revealed a significant decrease in sucrose preference measured on days 2-5 and day 7. Sucrose preference was averaged for the 7-d test (Fig. 2a) . Defeated mice displayed an overall significant reduction of sucrose preference measured over 7 d compared to non-defeated control mice (p<0.05) (Fig. 2 a) . Body weight was measured daily along the entire course of social defeat. We found that body weight in socially defeated mice was not altered in comparison with non-defeated controls during the social defeat period [F(1, 330)=0.044, p=0.836] (Fig. 2 b) . Social interaction was tested 24 h after the last social defeat session. In the absence of an aggressive CD1 mouse (no target), defeated mice and non-defeated mice spent equivalent amounts of time in the interaction zone (Fig. 3 a) , suggesting that social defeat does not affect general exploratory activity. In the presence of an aggressive CD1 mouse, defeated mice showed a significant reduction of the time spent in the interaction zone [F(1, 22)=37.154, p<0.001] and a significant increase in the time spent in the corner zone [F(1, 22)=11.082, p<0.005] (Fig. 3 a, b) . This suggests that the social defeat paradigm used in the present study effectively induces social avoidance. In some previous studies using a 10-d social defeat paradigm, defeated mice were segregated into susceptible and unsusceptible populations based upon the ratios of time spent in the interaction zone with the target to the time without the target, in which ' susceptible' referred to mice with an interaction ratio >100, and 'unsusceptible ' referred to mice with an interaction ratio <100. Among 16 mice defeated for 14 d in the present study, we found 12 of them had an interaction ratio >100. This percentage of ' susceptiblility ' could be attributed to the longer period of social defeat exposure in this study.
Social defeat-induced cognitive dysfunction
The cognitive profile of defeated mice showing depression-like behaviour using the T-maze, fear conditioning, and Morris water maze
The T-maze continuous alternation task was used for assessing spatial working memory. The present study used retention intervals (5 s) within the working-memory range. We found that defeated mice exhibited a significant decrease in the alternation rate in the T-maze (p<0.05) (Fig. 4) , suggesting impairments in spatial working memory in defeated mice. Emotional memory in defeated mice was assessed using fear conditioning, a behavioural paradigm in which the animal learns to predict aversive events. The defeated and non-defeated mice received three pairs of conditioned tone and unconditioned footshock in the shock chamber on the training day and were tested for the contextual conditioning and cued conditioning 24 h after the training. Defeated mice exhibited significant increases in time spent freezing in the shock chamber (p<0.001), indicating enhanced contextual fear conditioning (Fig. 5 a) . Freezing behaviour in defeated mice and non-defeated controls was measured in a novel environment before and after an auditory tone was delivered. While the time of freezing before the tone did not differ between the treatments, social defeat significantly increased the time of freezing (p<0.05), indicating enhanced cued fear conditioning (Fig. 5b) . To rule out the confounding effects of pain and shock sensitivity we examined hot-plate latencies and shock thresholds in defeated mice in comparison with non-defeated controls. In the hot-plate test, the latencies to jump, lick or shake the hindpaws was not different between the control and social defeat groups (Fig. 5c) [F(1, 40)= 3.396, p=0.08)], suggesting that pain sensitivity is not affected by chronic social defeat. In the foot-shock threshold test, defeated mice and non-defeated controls showed no difference in the thresholds of shock to evoke running, vocalization and jumping (Fig. 5 d) [F(1, 26)=1.377, p=0.262)], suggesting the sensitivity to shock stimulus is not altered by chronic social defeat. Taken together, the results suggest that chronic social defeat predisposes mice to develop potentiated contextual fear memory and cued fear memory. Previous studies have reported that chronic stress affects spatial reference memory (Alzoubi et al. 2009 ; Song et al. 2006 ; Sandi & Touyarot, 2006 ; Sterlemann et al. 2010) . To determine the effect of social defeat on middle panel, autoradiograms of coronal brain sections from defeated mice ; right panel, the corresponding mouse brain atlas illustrating brain structures. 3V, 3rd ventricle ; NAc, nucleus accumbens ; Arc, arcuate hypothalamic nucleus ; BLA, basolateral amygdaloid nucleus ; BNST, Bed nucleus of the stria terminalis ; CA1, field CA1 of hippocampus ; CA2, field CA2 of hippocampus ; CA3, field CA3 of hippocampus ; CeA, central amygdaloid nucleus ; CG, central grey ; CM, central medial nucleus of the thalamus ; CPu, caudate putamen ; DG, dentate gyrus ; DMH, dorsomedial nucleus of the hypothalamus ; DR, dorsal raphe nucleus ; LH, lateral habenula ; LV, lateral ventricle ; M1, primary motor cortex ; M2, secondary motor cortex ; MeA, medial nucleus amygdala ; MR, median raphe nucleus ; PH, posterior hypothalamic area ; PVA, anterior periventricular nucleus of the thalamus ; PVN, paraventricular nucleus ; S1, primary somatosensory cortex ; Sfi, septofimbrial nucleus ; SFO, subfornical organ ; SO, substantia innominata ; VMH, ventromedial hypothalamic nucleus ; VTA, ventral tegmental area.
reference learning and memory, mice were subjected to the Morris water maze task. Mice were first subjected to the visible platform training test for 2 d to assess the performance skills necessary for the water maze tasks in defeated mice compared to nondefeated controls. Defeated mice in the visible platform training showed normal escape latencies (Fig. 6 a) . Subsequently, mice were assessed in the hidden platform training. The acquisition and performance of defeated mice during 10 d of hidden platform training were indistinguishable from non-defeated control [F(1, 88)=0.002, p=0.966]. Probe tests were performed on day 12 with the platform removed. Reference memory was not significantly affected by chronic social defeat (Fig. 6 b) . In addition, cognitive flexibility was assessed using a reversal learning paradigm, in which, after one location of the hidden platform was trained, the platform was moved to a different quadrant of pool. The reaction of the mouse to this change is an index of behavioural flexibility. We found that defeated mice and non-defeated controls showed similar acquisition time. The probe test on day 17 demonstrated no effect of social defeat (Fig. 6c) .
Neural activation in the brain induced by social defeat
To determine neural correlates of behavioural changes induced by social defeat, we assessed mRNA expression of c-fos, a neuronal activation marker, in the mice following 14 d of social defeat compared to nondefeated controls using in-situ hybridization. c-fos mRNA distribution in the brain in response to chronic social defeat is illustrated in Fig. 7 . Non-defeated control mice showed very low or undetectable levels of c-fos expression in most brain regions, while a moderate level of c-fos mRNA expression was observed in the cerebral cortex and central medial thalamus (Table 1) . c-fos mRNA levels were elevated in many forebrain structures, implicated in depression and cognitive deficits (Fu et al. 2004 ; Kumari et al. 2003 ; Sheline et al. 2001 ; Surguladze et al. 2005) , of defeated mice compared to non-defeated controls (Table 1 ). An increase in c-fos mRNA was observed in the prefrontal cortex and cingulate cortex as well as in the primary motor cortex and somatosensory cortex in defeated mice. The induction of c-fos expression within the amygdaloid complex was heterogeneous. Elevation of c-fos mRNA in the medial amygdala was higher than that in the central amygdala, whereas c-fos mRNA expression was not significantly altered in the basolateral amygdala (Table 1) . Within the hippocampal formation, the fields CA1 of Ammon's horn expressed high levels of c-fos mRNA. A moderate level was observed in CA2 and dentate gyrus. Strong induction of c-fos expression was detected in the septum, especially in the lateral sector of the nucleus. In contrast, weak signals for c-fos mRNA were found in the nucleus accumbens.
Within the thalamus, only a few nuclei exhibited significant increase in c-fos mRNA expression. These nuclei included central medial thalamus and paraventricular thalamic nucleus. A number of hypothalamic subregions of defeated mice showed elevation of c-fos, including the paraventricular nucleus (PVN), dorsomedial hypothalamus, arcuate nucleus, and supraoptic nucleus. In the midbrain, the ventral tegmental area exhibited only a slight increase in c-fos mRNA expression in defeated mice. In addition, social defeat-induced c-fos mRNA expression was observed in the dorsal raphe and median raphe nuclei, and pontine nuclei.
Discussion
In this study, we have demonstrated that social defeat for 14 d produced depression-like symptoms as indicated by decreased sucrose preference and increased social avoidance. The assessment of cognitive functions in defeated mice revealed impairments in spatial working memory and potentiated contextual and cued fear memory, while spatial reference memory in defeated mice was not affected. These results suggest that chronic social defeat for 14 d can be used to model cognitive impairments associated with human depression. Furthermore, our c-fos in-situ hybridization data displayed the distribution of neuronal populations in the brain that were activated by chronic social defeat. These data provide possible mechanisms underlying depressive and cognitive behavioural changes.
Chronic social defeat has been used to induce depression-like behaviours in mice. We confirmed that mice exposed to chronic social defeat for 14 d developed depression-like symptoms indicated by social avoidance and anhedonia. One major finding of the present study was that depression-like behaviour was linked to distinct patterns of cognitive impairment in socially defeated mice. The T-maze is a widely used task which provides a measure of working-memory performance and encompasses spatial components (Deacon & Rawlins, 2006 ; Gerlai, 1998) . During 14 free-choice trials, mice exposed to chronic social defeat displayed a decreased spontaneous alternation rate, reflecting an impairment of spatial working memory. This finding is in line with previous studies in which rats exposed to chronic mild stress or chronic water immersion stress showed impaired performance in the T-maze (Gerlai, 1998 ; Lai et al. 2006 ; Wang & Cai, 2006 ; Wenk, 2001 ). Fear conditioning is widely used to measure emotional learning and memory (Selcher et al. 2001 ; Shumyatsky et al. 2005 ; Wehner & Radcliffe, 2004) . In this behavioural paradigm, animals learn the relationship between aversive events (foot-shock) and a context (shock chamber) or a stimulus (tone), and subsequently express fear responses to neutral context or stimulus. Chronic social defeat potentiated contextual and cued freezing, indicating facilitated contextual fear memory and cued fear memory. This is the first report showing that chronic social defeat potentiates fear memory. This finding is consistent with previous findings using other chronic stress paradigms in rats. It has been demonstrated that chronic mild stress for 7 wk or chronic restraint stress for 3 wk enhances fear conditioning (Henningsen et al. 2009 ; Sandi et al. 2001) . A possible confound for interpreting fear conditioning results is pain sensitivity. This phenomenon has previously been reported in mice after exposure to chronic restraint stress, which resulted in a hyperalgesic effect (Imbe et al. 2004) . However, this is unlikely to confound the results of the fear-conditioning test in the present study because pain sensitivity in chronically defeated mice was indistinguishable from non-defeated controls as measured in the hot-plate test. In addition, there was no difference in the sensitivity to foot-shock between chronically defeated mice and non-defeated mice, as indicated by the jump thresholds in response to the same foot-shock intensities. However, the possible influence of anxiety in fear responses cannot be ruled out. In contrast to impairment of spatial working memory in the T-maze continuous alternation and enhancement of fear conditioning in defeated mice, reference learning and memory in the Morris water maze test was not affected by chronic social defeat. Although depressionrelated behaviours persist up to 4 wk after social defeat Krishnan et al. 2007) (Sandi & Touyarot, 2006 ; Song et al. 2006 ; Vasconcellos et al. 2003) . Moreover, rats that experienced maternal deprivation for the first 3 wk of life have been shown to have learning impairments in the water maze (Aisa et al. 2007) . Nonetheless, stress can produce diverse effects on cognitive functions depending on stress paradigms, intensity and duration as well as learning tasks and intervals between stress exposure and learning/memory tests (Sandi & Pinelo-Nava, 2007) . The neuronal activity in response to repeated exposure to social defeat was investigated by c-fos in-situ hybridization. In comparison to control mice, c-fos mRNA levels were elevated in selective brain regions of chronically defeated mice following an acute challenge. Such brain areas include the prefrontal cortex, cingulated cortex, hippocampus and subdivisions of the amygdala ; these limbic structures have been implicated in a wide variety of emotional, cognitive and behavioural control processes. Maintaining high levels of c-fos mRNA in these areas may reflect that their neural responses do not adapt to repeated exposure to social defeat. Several studies have examined the region-specific patterns of adaptation by comparing c-fos expression after an acute defeat with that following chronic social defeat (Kollack-Walker et al. 1999 ; Martinez et al. 1998 b ; Matsuda et al. 1996) . Acute defeat in rats or hamsters induces a widespread pattern of neuronal activation (Kollack-Walker et al. 1999 ; Martinez et al. 1998b) , similar to those brain areas activated by other types of stressors such as restraint, immobilization, electrical foot-shock, swimming and noise (Martinez et al. 2002) . However, c-fos expression patterns following repeated social defeat differ. For example, the PVN and medial amygdala, but not lateral septum, show increased c-fos expression following 10 d of social defeat in comparison to control groups (Martinez et al. 1998b) . In contrast, an increase in c-fos mRNA in the lateral septum, but not in the PVN and medial amygdala, was found in hamsters after 7 d of social defeat (Kollack-Walker et al. 1999) . In the present study, mice that were exposed to 14 d of social defeat displayed an increase in c-fos expression in all three areas. The discrepancies between these studies are not clear, but variations in the length and procedures of defeat, species, housing conditions and intervals between the last defeat and detection of c-fos levels are possible underlying factors.
The neuronal activation pattern after chronic social defeat may represent evidence for a prerequisite for behavioural changes induced by social defeat. It is known that different limbic brain regions are involved in mediating distinct cognitive dysfunctions. For instance, T-maze continuous alternation can be attributed to the prefrontal cortex as well as hippocampus (Gerlai, 1998 ; Le Marec et al. 2002 ; Wang & Cai, 2006 ; Wenk, 2001) , while fear conditioning is engaged with the hippocampus and amygdala (Kim & Jung, 2006 ; Wehner & Radcliffe, 2004) . The amygdala is believed to be involved in both contextual and cued memory, whereas the hippocampus is associated with contextual memory only (Rudy et al. 2004 ; Sandi et al. 2001) . These structures have also been implicated in depression (Davidson et al. 2002 ; Drevets, 2003 ; Marvel & Paradiso, 2004) and they may represent common brain areas that mediate both depression-like behaviours and cognitive dysfunctions induced by social defeat. However, given the interval between c-fos mRNA detection and different behavioural tests, further investigations are needed to confirm the link between social defeat-induced neuronal activation and various behavioural deficits. It is noteworthy to point out that the absence of c-fos expression may not necessarily mean that neurons are not involved in the behavioural response. It is possible that other species of immediate early genes may be expressed in these neurons.
Cognitive dysfunction is common in patients with major depression (Castaneda et al. 2008 ; Thomas & Elliott, 2009 ; Thomas & O'Brien, 2008) . Working memory is impaired in depression (Austin et al. 2001 ; Rose & Ebmeier, 2006) ; however, individuals with major depression often have better memory for negative stimuli than for neutral or positive ones (Davidson et al. 2002 ; Drevets, 2001 Drevets, , 2003 . Brain-imaging studies have found that depressed patients show a greater amygdala response to negative stimuli than controls (Fu et al. 2004 ; Sheline et al. 2001 ; Surguladze et al. 2005) . In contrast, decreased responses in the medial frontal gyrus, anterior cingulate cortex, and hippocampus for positive stimuli have been observed in depressed patients (Kumari et al. 2003) . Our findings of impaired working memory and enhanced fear memory in defeated mice with anhedonia and social withdrawal suggest that chronic social defeat in mice can serve as a valid model to study cognitive dysfunction in depression and their neurobiological underpinnings. In addition, our results of neuronal activation patterns in the brain provide a neural basis for affective and cognitive behavioural abnormalities.
